Solid-state composites based on sodium borohydride (NaBH 4 ) were studied for applications as hydrogen generation materials. Hydrates of cobalt and nickel chlorides subjected to a thermal treatment were added to the composites as catalyst precursors. Using thermal analysis and FTIR spectroscopy, it was shown that the amount of water removed increases with the increasing temperature. Herewith, the water molecules that remained in the samples were strongly bound to the metal and isolated from each other. According to the ultraviolet-visible (UV-vis) spectroscopy data, with the increasing temperature of the thermal pretreatment there took place a substitution of a portion of water molecules by chloride ions in the nearest environment of the metal. It appeared that it was the resulting weakening of the electrostatic field on metal that was mainly responsible for the formation of a more finely dispersed catalytic phase of amorphous cobalt boride in the reaction medium under the action of sodium borohydride. The smaller particles of the active components led to a faster rate of gas generation when water was added to the solid-state NaBH 4 composites. This trend remained for both the cobalt and the nickel catalytic systems even when the activity was calculated per gram of the metal. Thus, for the preparation of solid-state NaBH 4 composites, hydrates of cobalt and nickel chlorides with a low content of water should be used.
Introduction
The storage and transportation of hydrogen is a key problem to be solved by the hydrogen economy [1] [2] [3] [4] [5] . This problem is especially acute when using low-temperature fuel cells with a proton-exchange membrane (LT-PEMFC) in hard-to-reach and unelectrified areas when hydrogen has to be delivered in a compact form by aircraft transport. In addition to this, hydrogen is to be generated at ambient temperatures from −40 (Antarctica, Alaska, Yakutia, Yamal and other regions of the far north) to +60 • C (deserts, tropics and other regions with hot climate) and with no supply of energy from an outside source. These requirements substantially restrict the range of suitable sources of hydrogen, especially considering the high sensitivity of the LT-PEMFC electrocatalysts towards catalytic poisons, such as CO, NH 3 , chloride-ions and others [6] [7] [8] . The use of composites based on sodium borohydride (NaBH 4 ) containing up to 10 wt % of hydrogen may be an optimum solution to this problem [9, 10] . The addition to such composites of a catalyst allows the gas generation to be started immediately after the addition of water.
It should be noted that the catalytic interaction of sodium borohydride with water does not require heating the reaction medium, in contrast to its thermal decomposition, which takes place at temperatures from 130 to 500 • C, even in the presence of active nanosized Ni particles [11] , transition metal fluorides [12] and sodium chloride [13] .
Hydrogen produced by catalytic NaBH 4 hydrolysis contains water vapor as the only impurity [14] and therefore can be supplied to an LT-PEMFC anode space without purification and wetting.
Cheap compounds of cobalt [15] [16] [17] or nickel [18] [19] [20] are usually added to the solid-state NaBH 4 composites. They react with the sodium borohydride to form a catalytically active phase-the amorphous cobalt boride [21] . It was found that in the solid state, during compression, the interaction of sodium borohydride with cobalt chloride already takes place. With the increasing pressures, noticeably greater amounts of salts react with the sodium borohydride, which leads to a faster initial rate of gas generation [22] . It was noted that physicochemical properties such as the dispersion of cobalt catalysts pre-reduced in a solution of sodium borohydride [23] and the crystal structure of a cobalt oxide as catalyst precursor [24] also had an effect on the hydrogen generation rate. However, until now, the effect of physicochemical properties of cobalt and nickel chlorides on the hydrogen generation from solid-state sodium borohydride-based composites has not been studied in detail.
In this work, the kinetics of hydrogen evolution upon the addition of water to solid-state NaBH 4 composites with thermally pretreated hydrates of cobalt and nickel chlorides was studied. The physicochemical properties of these catalytic additives were investigated by thermal analysis, Fourier-transform infrared (FTIR) spectroscopy and ultraviolet-visible (UV-vis) spectroscopy. The final aim of this work was to establish the effect of the water content of these metal chlorides on the hydrogen generation rate.
Results and Discussion

Study of Catalyst Precursors
Hydrates of cobalt and nickel chlorides thermally pretreated in an inert atmosphere were chosen as the objects of study. It was noted that with the increasing temperature of the heating there was a change in the salts' color. Thus, the untreated cobalt chloride hydrate had a pink color, which changed to violet at 150 • C and became blue at 300 • C. The green nickel chloride hydrate became yellow at 150 • C and at 300 • C its color changed to ocher. With the increasing temperature in an inert atmosphere, there also was an increase in the metal and chlorine contents, indicating that there was a removal of water from the salts (Table 1) . According to the results of the thermal analysis, these salts easily lose water beginning from 40 • C (Figure 1a,b ). In the temperature region from 40 to 300 • C, four stages of dehydration are distinguishable in the derivative thermogravimetry (DTG) curves. For the cobalt chloride hydrate the greatest losses of mass were observed at 110, 130, 160 and 195 • C. In the case of the nickel chloride hydrate, most of the water was removed at 110 • C, and with further increase in temperature the change in the mass became less pronounced, the lower values being observed in the DTG curves at 185, 215 and 245 • C. It should be noted that at 150 • C almost half of the water was removed from both hydrates. A constant mass of the cobalt and nickel salts was reached at 220 and 280 • C, respectively.
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According to the results of the thermal analysis, these salts easily lose water beginning from 40°С (Figure 1a,b ). In the temperature region from 40 to 300 °С, four stages of dehydration are distinguishable in the derivative thermogravimetry (DTG) curves. For the cobalt chloride hydrate the greatest losses of mass were observed at 110, 130, 160 and 195 °С. In the case of the nickel chloride hydrate, most of the water was removed at 110 °С, and with further increase in temperature the change in the mass became less pronounced, the lower values being observed in the DTG curves at 185, 215 and 245 °С. It should be noted that at 150 °С almost half of the water was removed from both hydrates. A constant mass of the cobalt and nickel salts was reached at 220 and 280 °С, respectively. (Table 1) showed that a longer thermal treatment under isothermal conditions led to a content of water in the samples that was lower than the one obtained when they were heated at a rate of 10 °С/min. Nevertheless, the samples treated at 300 °С still contained strongly bound water, which could be removed only at temperatures above 500 °С [25, 26] .
The presence of water in hydrates of cobalt and nickel chlorides follows from the results of the FTIR spectroscopy. The FTIR spectrum of the untreated salts NiCl2·6.3H2O and CoCl2·6.1H2O ( Figure 2 ) shows absorption bands corresponding to the vibrations of water [27, 28] . A comparison of the thermal analysis data for untreated hydrates (Figure 1 ) with the results of the chemical analysis of the samples after their thermal treatment ( Table 1) showed that a longer thermal treatment under isothermal conditions led to a content of water in the samples that was lower than the one obtained when they were heated at a rate of 10 • C/min. Nevertheless, the samples treated at 300 • C still contained strongly bound water, which could be removed only at temperatures above 500 • C [25, 26] .
The presence of water in hydrates of cobalt and nickel chlorides follows from the results of the FTIR spectroscopy. The FTIR spectrum of the untreated salts NiCl 2 ·6.3H 2 O and CoCl 2 ·6.1H 2 O ( Figure 2 ) shows absorption bands corresponding to the vibrations of water [27, 28] . The low-frequency region of the FTIR spectrum shows librational vibrations (fan-shaped, torsional and pendular) of water molecules coordinated by cobalt ions. The broad absorption bands (a.b.) with the center of gravity at 1630 cm −1 for the salt of nickel and at 1650 cm −1 for the cobalt salt belong to the deformational scissor vibrations of water, with the overtone at 3100-3250 cm −1 , which gives a well-pronounced shoulder of the a.b. at 3185 ± 5 cm −1 . The presence of a.b. at 2070 and 2195 cm −1 indicates that there is a sum of librational and deformational vibrations of water molecules. The intense absorption in the high-frequency region with clearly pronounced maxima at 3190 and 3425 cm −1 for the nickel salts and at 3180 and 3410 cm −1 for the cobalt salts is a superposition of symmetrical and asymmetrical valence vibrations of water. The a.b. at 3525 ± 5 cm −1 is indicative of the presence in the metal hydrates of weakly bound water molecules whose valence vibrations show themselves in the region of 3500-3600 cm −1 .
The thermal treatment of nickel and cobalt chloride hydrates led to a noticeable decrease in the intensity of the FTIR spectra because of the water removal. The intense absorption at 1600-1700 cm −1 turned into a sharp symmetrical a.b. with the maximum shifted towards lower frequencies, indicating that the water molecules were isolated from each other [29] . Moreover, the number of a.b. in the region of 400-800 cm −1 due to the librational vibrations was reduced because of the reduced vibrational degrees of freedom of the water molecule as a result of a stronger bonding between metal and water molecules in the thermally treated samples.
The dehydration of cobalt and nickel chloride hydrates leads, first of all, to changes in the nearest environment of the metal. According to the UV-vis data, in the untreated salts water was directly coordinated to the metal, since their UV-vis spectra showed a.b. which, according to [30] , are assignable to d-d-transitions in the six-coordinated aquacomplexes [Ni(H2O)6] 2+ and [Co(H2O)6] 2+ (Figure 3 ). For the cobalt chloride hydrate, the most intense absorption was observed in the region of 250-500 nm with a maximum at 430 nm (4T1g(F) → 4T2g(P)). The multiple structure of this a.b. is a result of admixture to the mainly 2G and 2H associated doublet state of spin-forbidden d-d transitions. The second d-d transition 4T1g(F) → 4A2g was very weak and appeared as a shoulder at 560 nm.
Characteristic of the six-coordinated nickel aqua-complex [Ni(H2O)6] 2+ are spin-allowed d-d transitions: 300 nm (3A2g → 3T1g(P)) and 655 nm (3A2g → 3T1g). In addition to this, two spin-forbidden d-d transitions were well noticeable against their background: 590 nm (3A2g → 1Eg(D)) and 365 nm (3A2g → 1T2g(D)). The low-frequency region of the FTIR spectrum shows librational vibrations (fan-shaped, torsional and pendular) of water molecules coordinated by cobalt ions. The broad absorption bands (a.b.) with the center of gravity at 1630 cm −1 for the salt of nickel and at 1650 cm −1 for the cobalt salt belong to the deformational scissor vibrations of water, with the overtone at 3100-3250 cm −1 , which gives a well-pronounced shoulder of the a.b. at 3185 ± 5 cm −1 . The presence of a.b. at 2070 and 2195 cm −1 indicates that there is a sum of librational and deformational vibrations of water molecules. The intense absorption in the high-frequency region with clearly pronounced maxima at 3190 and 3425 cm −1 for the nickel salts and at 3180 and 3410 cm −1 for the cobalt salts is a superposition of symmetrical and asymmetrical valence vibrations of water. The a.b. at 3525 ± 5 cm −1 is indicative of the presence in the metal hydrates of weakly bound water molecules whose valence vibrations show themselves in the region of 3500-3600 cm −1 .
The dehydration of cobalt and nickel chloride hydrates leads, first of all, to changes in the nearest environment of the metal. According to the UV-vis data, in the untreated salts water was directly coordinated to the metal, since their UV-vis spectra showed a.b. which, according to [30] , are assignable to d-d-transitions in the six-coordinated aquacomplexes [Ni(H 2 O) 6 ] 2+ and [Co(H 2 O) 6 ] 2+ (Figure 3 ). For the cobalt chloride hydrate, the most intense absorption was observed in the region of 250-500 nm with a maximum at 430 nm (4T 1g (F) → 4T 2g (P)). The multiple structure of this a.b. is a result of admixture to the mainly 2G and 2H associated doublet state of spin-forbidden d-d transitions.
The second d-d transition 4T 1g (F) → 4A 2g was very weak and appeared as a shoulder at 560 nm.
Characteristic of the six-coordinated nickel aqua-complex [Ni(H 2 O) 6 ] 2+ are spin-allowed d-d transitions: 300 nm (3A 2g → 3T 1g (P)) and 655 nm (3A 2g → 3T 1g ). In addition to this, two spin-forbidden d-d transitions were well noticeable against their background: 590 nm (3A 2g → 1E g (D)) and 365 nm (3A 2g → 1T 2g (D)). After thermal treatment, the a.b. corresponding to the d-d transitions were shifted towards lower frequencies, which is indicative of a weakening of the ligand field as a result of the replacement of water by chloride ions in the nearest environment of the metal [31] . In the spectrochemical series, the chloride ion position is to the left of that of the water [32] :
Besides, characteristic of a partially dehydrated cobalt is the appearance of a weak a.b. at 670 nm (Figure 3a) , which corresponds to the d-d-transition 4A2 → 4T1 [33, 34] in the four-coordinated tetrahedral complex [CoCl4] 2− .
Apart from the changes relating to the d-d transitions, there also was a large low-frequency shift of the ligand-to-metal charge-transfer (LMCT) band and an increase in its intensity. According to [35] , these changes were caused by the removal of water from the nearest environment of the metal. Hence, in the thermally treated samples of the hydrates, water in the first coordination sphere of the metal was partially replaced by chloride ions which had a weaker electrostatic field. In the case of the cobalt salt, there also was a change in the symmetry of the local environment of the central metal ion. The water molecules that remained in the samples were strongly bound to the metal and isolated from each other.
Study of Catalytic Sodium Borohydride Hydrolysis
Hydrates of cobalt and nickel chlorides treated at different temperatures were used to prepare solid-state hydrogen-generating composites based on sodium borohydride (Figure 4 ). The hydrogen content in the tablet of composite was not less than 8.4 wt% ( Table 2 ). After thermal treatment, the a.b. corresponding to the d-d transitions were shifted towards lower frequencies, which is indicative of a weakening of the ligand field as a result of the replacement of water by chloride ions in the nearest environment of the metal [31] . In the spectrochemical series, the chloride ion position is to the left of that of the water [32] :
Besides, characteristic of a partially dehydrated cobalt is the appearance of a weak a.b. at 670 nm (Figure 3a) , which corresponds to the d-d-transition 4A 2 → 4T 1 [33, 34] in the four-coordinated tetrahedral complex [CoCl 4 ] 2− .
Hydrates of cobalt and nickel chlorides treated at different temperatures were used to prepare solid-state hydrogen-generating composites based on sodium borohydride (Figure 4 ). The hydrogen content in the tablet of composite was not less than 8.4 wt % ( Table 2) . After thermal treatment, the a.b. corresponding to the d-d transitions were shifted towards lower frequencies, which is indicative of a weakening of the ligand field as a result of the replacement of water by chloride ions in the nearest environment of the metal [31] . In the spectrochemical series, the chloride ion position is to the left of that of the water [32] :
Hydrates of cobalt and nickel chlorides treated at different temperatures were used to prepare solid-state hydrogen-generating composites based on sodium borohydride (Figure 4 ). The hydrogen content in the tablet of composite was not less than 8.4 wt% ( Table 2 ). The catalytically active phase in the form of amorphous cobalt and nickel borides was observed to form already during the preparation of the tablets, as a result of a solid-state interaction between the hydride and the metal salts [22] . Therefore, hydrogen generation started immediately after the addition of water to the solid composite, which dissolved instantaneously. Figure 5 shows hydrogen generation as a function of the water content in the cobalt and nickel chloride hydrates. The catalytically active phase in the form of amorphous cobalt and nickel borides was observed to form already during the preparation of the tablets, as a result of a solid-state interaction between the hydride and the metal salts [22] . Therefore, hydrogen generation started immediately after the addition of water to the solid composite, which dissolved instantaneously. Figure 5 shows hydrogen generation as a function of the water content in the cobalt and nickel chloride hydrates. According to our study, the smaller the water content in the salts, the higher the hydrogen generation rate. This trend remained both for the cobalt and nickel catalytic systems even when their activity was calculated per gram of the metal ( Table 2) .
It should be noted that the by-product of sodium borohydride hydrolysis is NaB(OH)4 [36] . According to our study, the smaller the water content in the salts, the higher the hydrogen generation rate. This trend remained both for the cobalt and nickel catalytic systems even when their activity was calculated per gram of the metal ( Table 2) .
It should be noted that the by-product of sodium borohydride hydrolysis is NaB(OH) 4 [36] .
Study of Catalysts after Reaction
To establish the reasons for such dependence, the cobalt and nickel catalysts were separated from the reaction medium and studied by transmission electron microscopy (TEM). It was found that particles of the catalyst active component formed under the action of sodium borohydride were amorphous (Figures 6 and 7) and contained both the metal (Co or Ni) and the boron ( Table 3 ). The particle surface was coated with an oxygen-containing shell up to 5 nm thick [21] . The average sizes of the particles forming from the initial cobalt and nickel salts were 16.7 and 7.2 nm, respectively. The analysis of the particle size distribution (Figures 6d and 7d) showed that the dehydration of salts resulted in the formation of smaller particles of the catalyst. From Table 3 it is seen that with the loss of water there was a decrease in the average diameter of the cobalt catalysts from 16.7 to 13.2 nm. The average particle size of the nickel catalysts also decreased from 7.2 to 5.5 nm. (4)). Thus, the higher activity of the dehydrated salts in the sodium borohydride hydrolysis resulted from a change in the size of the catalyst particles forming in the reaction medium under the action of hydride. A possible reason for such a behavior may be the weakening of the ligand field due to a partial substitution of water by chloride ions in the nearest environment of the metal, which led to a faster formation of the small particles of amorphous metal borides catalyzing the interaction between the hydride and water. Thus, the higher activity of the dehydrated salts in the sodium borohydride hydrolysis resulted from a change in the size of the catalyst particles forming in the reaction medium under the action of hydride. A possible reason for such a behavior may be the weakening of the ligand field due to a partial substitution of water by chloride ions in the nearest environment of the metal, which led to a faster formation of the small particles of amorphous metal borides catalyzing the interaction between the hydride and water.
Cobalt catalysts
Materials and Methods
Solid-state hydrogen-generating composites were prepared from a mechanical mixture of sodium borohydride (CAS 16940-66-2; Sigma-Aldrich 452882) and catalyst precursor.
Cobalt chloride hydrate (CAS 7791-13-1; Sigma-Aldrich 255599) and nickel chloride hydrate (CAS 69098-15-3; Sigma-Aldrich 364304) were used as catalyst precursors. Their dehydrated species were prepared by thermal treatment at 150 and 300 °С in a 30 cm 3 /min flow of argon with subsequent storage in a desiccator under argon to prevent water absorption.
Samples of the reagents were ground in a mortar grinder (PULVERISETTE 2, FRITSCH GmbH, Industriestrasse 8, 55743 Idar-Oberstein Germany) during 2 min and compressed into tablets using a manual tablet press machine (TDP-0, SINOPED, No. 85, Ganqu Road, Taizihe District, Liaoyang, Liaoning, China) at an air humidity of 30 %. The compression was performed at 27 kgf/cm 2 , since this pressure was shown [22] , on the one hand, to ensure a rapid dissolution of the tablet in water, and on the other to initiate the formation of the catalytically active component by a solid-state interaction of the hydride with the salts ( 
Cobalt chloride hydrate (CAS 7791-13-1; Sigma-Aldrich 255599) and nickel chloride hydrate (CAS 69098-15-3; Sigma-Aldrich 364304) were used as catalyst precursors. Their dehydrated species were prepared by thermal treatment at 150 and 300 • C in a 30 cm 3 /min flow of argon with subsequent storage in a desiccator under argon to prevent water absorption.
Samples of the reagents were ground in a mortar grinder (PULVERISETTE 2, FRITSCH GmbH, Industriestrasse 8, 55743 Idar-Oberstein Germany) during 2 min and compressed into tablets using a manual tablet press machine (TDP-0, SINOPED, No. 85, Ganqu Road, Taizihe District, Liaoyang, Liaoning, China) at an air humidity of 30 %. The compression was performed at 27 kgf/cm 2 , since this pressure was shown [22] , on the one hand, to ensure a rapid dissolution of the tablet in water, and on the other to initiate the formation of the catalytically active component by a solid-state interaction of the hydride with the salts (Table 4) : 
Reduction Half-reactions:
Oxidation Half-Reactions:
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The metal and chlorine contents of the catalyst precursors were determined by X-ray fluorescence analysis on a VRA-30 instrument with a Cr anode of the X-ray tube. The relative error of determination was ±5%. Using the data of the elemental analysis, the water content in the hydrates of cobalt and nickel chlorides was calculated:
The empirical formulas of the salts were calculated as the ratio of moles of salt (CoCl 2 or NiCl 2 ) to water (H 2 O). The empirical formulas of the salts were used for the designation of catalyst precursors in this article.
The metal and boron contents of the reduced catalyst were determined by inductively coupled plasma atomic emission spectroscopy on an Optima 4300 DV instrument (PerkinElmer Inc., 45 William Street, Wellesley, MA 02481-4078, USA). For the determination of elements, the samples were dissolved by using hydrochloric acid. The relative error of determination was ±5%.
The catalyst precursors were studied by Thermal Analysis (TA), Fourier-Transform Infrared spectroscopy (FTIR) and Ultraviolet-Visible spectroscopy (UV-vis).
The thermal analysis was carried out on a Netzsch STA 449 C Jupiter (NETZSCH-Gerätebau GmbH, Wittelsbacherstraße 42, 95100 Selb, Germany) instrument equipped with a DTA/TG holder in the temperature range of 40-300 • C in a flow of He (30 cm 3 /min). The heating rate of the samples (100 mg) was 10 • C/min.
The FTIR spectra were taken at room temperature on a FTIR Varian 640-IR (Agilent Technologies, 5301 Stevens Creek Blvd, Santa Clara, CA 95051, USA) spectrometer. Prior to the spectral measurements, the 5 mg samples were mixed with 400 mg of KBr and compressed into tablets.
The UV-vis diffuse reflectance spectra were recorded at room temperature in the range of 200-700 nm with a resolution of 1 nm using a Cary 100 UV-Vis Varian (Agilent, 5301 Stevens Creek Blvd., Santa Clara, CA 95051, USA) spectrometer equipped with a DRA-30I diffuse reflectance accessory.
The reduced catalysts were studied by transmission electron microscopy (TEM). They were separated from the reaction medium with a magnet, washed three times with distilled water and three times with acetone. The catalysts were then evacuated at room temperature for 24 h, after which they were stored in a desiccator under an inert medium (argon) to prevent sample oxidation by air oxygen. Electron microscopy images of the catalysts were obtained on a JEM-2010 electron microscope with an accelerating voltage of 200 kV and a resolving power of 1.4 Å. The samples to be analyzed were applied to a holey carbon film fixed on a standard copper grid. Size distribution diagrams were constructed using measured diameters (d i ) of at least 300 particles (n i ). The mean particle sizes were quoted [37] as a surface area-weighted diameter (d s ):
The kinetics of sodium borohydride hydrolysis was studied in a temperature controlled glass reactor at 40 • C. The solid-state NaBH 4 composite was placed into the reactor and then 10 mL of deionized water was added. The volume of the evolved hydrogen was measured using a 100 mL gas burette with a resolution of 0.2 mL. The data obtained were corrected to Standard Temperature and Pressure -S.T.P. -(0 • C, 1 atm) based on three repeated experiments carried out under the same conditions. The experimental uncertainty was less than 2%.
The catalytic activity (A) was determined as the average rate (r) of hydrogen evolution (cm 3 /s) referred to the mass (m M ) of the metal (g) in the NaBH 4 composite:
Conclusions
Hydrates of cobalt and nickel chlorides after thermal treatment at 150 and 300 • C were used as catalytic precursors for solid-state hydrogen-generation composites based on sodium borohydride. Using thermal analysis and FTIR spectroscopy, it was found that thermal treatment led to the removal of water from the salts, which increased with the increasing temperature. According to the UV-vis data, in the first coordination sphere of a metal (cobalt or nickel), water molecules were partially replaced by chloride ions, which have a weaker electrostatic field. Apparently, the weakening of the ligand field led to the formation of smaller particles of the active catalytic phase of amorphous metal borides. Thus, the higher activity of the dehydrated salts in the sodium borohydride hydrolysis is a result of the smaller size of the catalyst particles forming in the reaction medium under the action of sodium borohydride.
Summarizing the results of our study, it may be concluded that the hydrates of cobalt and nickel chlorides used for the preparation of solid-state NaBH 4 composites should preferably have a low content of water. 
